An organic solvent-tolerant S5 lipase was puriWed by aYnity chromatography and anion exchange chromatography. The molecular mass of the lipase was estimated to be 60 kDa with 387 puriWcation fold. The optimal temperature and pH were 45°C and 9.0, respectively. The puriWed lipase was stable at 45°C and pH 6-9. It exhibited the highest stability in the presence of various organic solvents such as n-dodecane, 1-pentanol, and toluene. Ca 2+ and Mg 2+ stimulated lipase activity, whereas EDTA had no eVect on its activity. The S5 lipase exhibited the highest activity in the presence of palm oil as a natural oil and triolein as a synthetic triglyceride. It showed random positional speciWcity on the thin-layer chromatography. 
Lipases (E.C. 3.1.1.3) are glycerol ester hydrolases that catalyze the hydrolysis of triaclyglycerols into fatty acid, partial acylglycerols, and glycerol. The world market for industrial enzymes has been estimated at approximately US $600 million, with lipases comprising approximately US $20 million [1] . The interest of lipases stems primarily from their ability to preferentially hydrolyze long/ short or saturated/unsaturated fatty acyl residues, but they also exhibit a positional speciWcity for either the 1(3) or 1,2(2,3) positions of a triacylglycerol molecule.
In addition, the ability of enzyme being active in the presence of organic solvents has received much attention during the past two decades [2] . In an organic solvent environment, some enzymes have enhanced thermostability and there is a possibility to perform reactions that are suppressed in water [3] .
Substrates and products of lipase-catalyzed mechanisms are often insoluble in aqueous solution, and the enzyme is usually insoluble in organic solvents. Reactions catalyzed by lipases were usually carried out in organicaqueous two-phase media that are favorable because the separation of enzyme from substrates or products is easy. However, in general, enzymes are easily denatured and their catalytic activities disappear in the presence of organic solvents, even if they are nearly water insoluble [4] .
The bacterial genus Pseudomonas secretes a number of extracellular enzymes, which include lipases, in response to Xuctuating external nutrients. Interest in Pseudomonas lipases stems either from their potential usefulness in a variety of biotechnological applications or from their detrimental eVect on stored food products such as refrigerated milk [5] .
We previously isolated from local source a benzene, toluene, ethyl-benzene, and xylene (BTEX) 1 degrader identi-Wed as Pseudomonas sp. strain S5, which secreted an organic solvent-tolerant lipase [6] . The lipase was very stable in the presence of various organic solvents such as n-hexane, cyclohexane, toluene, and 1-octanol. In this article, we report the puriWcation and characterization of organic solvent-tolerant lipase secreted by Pseudomonas sp. strain S5.
Materials and methods

Culture condition
Pseudomonas sp. strain S5, which secreted organic solvent-tolerant lipase, was used in this study [6] .
Cultivation
The culture was grown at 37°C for 48 h in the medium prepared by optimizing the previously used medium for lipase production [6] . In the cultivation procedure, 6% of inoculum was inoculated into a 250 ml blue cap bottle containing 50 ml of the medium.
Preparation of culture supernatant
The culture supernatant was prepared by removing the cells in the culture by centrifugation at 12,000g for 20 min at 4°C.
Measurement of lipase activity
Determination of liberated free fatty acid (FFA) was measured by the modiWed method of Kwon and Rhee [7] . Olive oil was used as a substrate. The reaction mixture, consisting of 1.0 ml of crude enzyme, 2.5 ml olive oil emulsion, and 0.02 ml of 20 mmol CaCl 2 ·2H 2 O, was incubated for 30 min with shaking at 200 rpm at 37°C. Then the reaction was stopped by adding 1.0 ml of 6 N HCl and 5.0 ml isooctane. The upper layer (4 ml) was pipetted out into a test tube, and 1.0 ml cupric acetate pyridine was added. The FFA dissolved in isooctane was determined by measuring the absorbency of isooctane solution at 715 nm. Lipase activity was determined by measuring the amount of FFA from the standard curves of oleic acid. One unit of lipase activity is deWned as the amount of enzyme that liberated 1 mol FFA in 1 min at 37°C.
Determination of protein concentrations
The protein concentrations in this study were determined by the method of Bradford [8] using bovine serum albumin (BSA, Sigma Chemical, St. Louis, MO, USA) as a standard.
Con A-Sepharose column chromatography
The enzyme solution was loaded onto the column (1.6 cm diameter, 20.0 cm height) of concanavalin A (Con A)-Sepharose (Amersham-Pharmacia Biotech, Uppsala, Sweden) preequilibrated with 25 mM Tris-HCl buVer (pH 7.5). The column was washed with 5£ of column bed volume of the equilibration buVer. The proteins bound to the aYnity gel were eluted by increasing the concentration of methyl -D-glucoside from 0.1 to 0.5 M with a step gradient in 100 ml of 25 mM Tris-HCl buVer (pH 7.5) and 100 ml of the same buVer containing methyl -D-glucoside. Fractions (approximately 5 ml of each) that exhibited lipase activity in the gradient region of the methyl -D-glucoside concentration were collected. The enzyme solution was then dialyzed overnight against buVer containing methyl -D-glucoside.
DEAE-Sephacel column chromatography
The enzyme solution from the previous column was loaded onto a column (1.6 cm diameter, 10.0 cm height) of DEAE-Sephacel (Amersham-Pharmacia Biotech) preequilibrated with 25 mM Tris-HCl buVer (pH 7.5). The column was washed with 100 ml of the equilibration buVer. The proteins bound to the anion exchange gel were eluted by increasing the concentration of NaCl in 25 mM Tris-HCl buVer (pH 7.5) from 0.1 to 0.5 M with a linear gradient using 50 ml of 25 mM Tris-HCl buVer (pH 7.5) and 50 ml of the same buVer containing NaCl. Fractions (approximately 2 ml of each) that exhibited lipase activity in the gradient region of the NaCl concentration were collected. The enzyme solution was dialyzed overnight against buVer containing NaCl.
Determination of the purity and molecular mass of puriWed S5 lipase by SDS-PAGE
The solution containing puriWed S5 lipase and sample buVer solution was heated in a boiling water bath for 3 min. The sample was run in a stacking gel containing 4.35%(w/v) polyacrylamide and 0.3%(w/v) N,N-methylene-bis(acrylamide) and in a separating gel containing 14.8%(w/v) polyacrylamide and 0.2%(w/v) N, N-methylene-bis(acrylamide) under the conditions developed by Laemmli [9] . The protein was stained by silver staining.
Organic solvent stability of the enzyme
The stability of the puriWed lipase in the organic solvent was investigated by the method as described by Ogino et al. [10] with slight modiWcation. The puriWed S5 lipase-containing 25 mM Tris-HCl (pH 7.5) was Wltersterilized with a cellulose acetate membrane Wlter (0.2 m pore size). Then 1 ml of an organic solvent was added to 3 ml of the Wltrate in a vial bottle, and the mixture was incubated at 37°C with shaking at 150 rpm for 2 h. The remaining lipase activity was measured by the method by Kwon and Rhee [7] as described above.
EVect of pH and pH stability of the S5 lipase
The eVect of pH on the S5 lipase activity was investigated by the method using olive oil as a substrate. Various buVer systems (pH 4.0-12.0) at 25 mM were added to olive oil to perform olive oil emulsion. Then the enzyme was assayed at diVerent pH values at 37°C for 30 min with shaking at 200 rpm. For pH stability studies, 200 l of puriWed enzyme solution was mixed with 800 l of 25 mM buVer at speciWc pH. The mixture was incubated at 37°C for 30 min, and the residual activity was determined. BuVer systems were used at a concentration of 25 mM: glycine-HCl buVer (pH 4.0-5.0), sodium hydrogen phosphate-NaOH buVer (pH 5.0-7.0), Tris-HCl buVer (pH 7.0-9.0), disodium hydrogen orthophosphate-NaOH buVer (pH 9.0-11.0), and glycine-NaOH buVer (pH 10.0-12.0).
EVect of temperature on activity and thermostability of S5 lipase
The eVect of temperature on lipase activity was studied by carrying out the enzyme reaction at diVerent temperatures in the range of 30-55°C at pH 9.0 using Tris-HCl buVer (25 mM). The reaction was carried out for 0 and 30 min. The thermostability of lipase was tested at various temperatures, ranging from 37 to 45°C, for diVerent time intervals, ranging from 0 to 6 h. At each time interval, 500 l samples were pippeted out and immediately frozen prior to being assayed.
Substrate speciWcity
To determine the eVect of substrates on puriWed lipase, the olive oil emulsion was substituted with the various substrates and was assayed with 1.0 ml enzyme solution at 37°C for 30 min at pH 9.0.
EVect of metal ions and oxidizing, reducing, and chelating agents
The eVect of metal ions and oxidizing, reducing, and chelating agents was investigated by incubating the enzyme in a 1:1 ratio at pH 9 for 15 and 30 min at 37°C. The solution of metal ions and oxidizing, reducing, and chelating agents was prepared at a concentration of 1 mM.
Positional speciWcity
Mixtures containing 100 mM of triolein, 9 ml phosphate buVer (pH 7.0), and 2 ml enzyme solution were shaken at 200 rpm at 37°C. At 0, 3, 6, 9, and 12 h, the reaction products were extracted with 5 ml n-hexane and analyzed by thin-layer chromatography. A silica gel plate (Silica gel 60, Merck, Darmstadt, Germany) was developed in a mixture of chloroform and acetone (96:4). Spots of the hydrolysis products from triolein were visualized by iodine vapor. As standards, 1(3)-monoolein, 2-monoolein, 1,2(2,3)-diolein, triolein, and oleic acid purchased from Sigma were used. The commercial enzymes Lipozyme and Novozyme were included in this experiment as a control because the positional speciWcity has already been veriWed.
Results and discussion
PuriWcation of S5 lipase
The objective of enzyme puriWcation is to get rid of as much unwanted protein as possible while retaining the enzyme activity. Lipase was puriWed with Con A-Sepharose as the initial steps, followed by DEAE-Sephacel. When the enzyme was loaded onto Con A-Sepharose column chromatography, the absorbed enzyme was eluted out at a 250 mM concentration of methyl -D-glucoside. At this stage, a high percentage of recovery of 89% protein with 30 puriWcation fold was obtained. The enzyme was further puriWed with anion exchange column chromatography and eluted out by NaCl treatment at a concentration of 0.3 M. A single band was obtained for S5 lipase, which was puriWed to approximately 387.5-fold with a speciWc activity of 1240 U/mg and an overall yield of 52%.
Homogeneity of the eluted peak was conWrmed by SDS-PAGE. The silver staining revealed a single protein band with a molecular weight of approximately 60 kDa (Fig. 1 ). The puriWcation results are summarized in Table 1 .
So far, S5 lipase is the Wrst organic solvent-tolerant Pseudomonas lipase to be puriWed using combination of aYnity chromatography and anion exchange chromatography. An organic solvent-stable lipase from Pseudomonas aeruginosa LST-03 was puriWed by ion exchange and hydrophobic interaction chromatography [10] . Other Pseudomonas lipases were puriWed by using (NH 4 ) 2 SO 4 saturation as a step in partial puriWcation [11, 12] . Lin et al. [13] puriWed an alkaline lipase from Pseudomonas pseudoalcaligenes F-111 by acetone precipitation, gel Wltration, and hydrophobic interaction followed by another gel Wltration. Compared with other puriWed Pseudomonas lipases, S5 lipase showed a higher fold and recovery. According to Ogino et al. [10] , LST-03 organic solvent-tolerant lipase was puri-Wed to 34.7-fold with an overall yield of 12.6%. Pseudomonas lipase KWI-56 was puriWed to 13.9-fold by acetone precipitation and gel Wltration by HPLC with 2.9% recovery [14] . Other Pseudomonas lipases obtained 31-fold with 18% recovery and 140-fold with 15% recovery [13, 15] . Meanwhile, Pseudomonas mendocina PK-12CS lipase was puriWed to 240-fold with 14.8% recovery using acetone precipitation and anion exchange chromatography [16] .
Organic solvent stability of the enzyme
Exposure of the puriWed organic solvent-tolerant S5 lipase to various organic solvents for 30 min elucidated that this enzyme was stable to all organic solvents tested ( Table 2 ). The highest activity was achieved by cyclohexane, benzene, and n-hexane, with increases in relative activity of 31.8, 30.6, and 18.9%, respectively, after 30 min. The S5 lipase was activated to 6 and 153 times by 1-pentanol and 1-octanol after 2 h exposure to both solvents. Similarly, Sharma et al. [12] reported that their AG-8 lipase was activated in the presence of ethanol and methanol. In contrast, the stability of LST-03 lipase was lower in the presence of alcohol such as tert-butanol, ethanol, and 1,4-butanediol [10] . In this study, when 25%(v/v) of benzene, toluene, n-hexane, and 1-decanol was added to the puriWed lipase solution and incubated for 2 h, the enzyme was drastically inactivated compared with 30 min incubation. This phenomenon is due to the high toxicity of the organic solvent to the enzyme [17] . Similarly, Sugihara et al. [18] reported that Pseudomonas cepacia lipase was inactivated at all concentrations of benzene and hexane after 30 min incubation under assay conditions. In contrast, S5 lipase was very stable after 30 min incubation with benzene and n-hexane but was reduced drastically after 2 h incubation. Water-miscible solvents generally cause more striking enzyme denaturation than do water-immiscible solvents.
The stability of the S5 lipase in organic solvents did not follow the log P trends. According to Klibanov [19] , the less hydrophobic the solvent, the higher its aYnity to water and hence the more likely it is to strip the essential water from the enzyme molecules. It is well known that water acts as a lubricant that aVords a high conformational Xexibility to enzyme molecules. If one follows the trends of log P, the lower the log P values, the less hydrophobic the solvent, so the enzyme is less stable and there may be change in the conformation of the enzyme molecules.
However, diVerent organic solvents showed diVerent tolerance proWles to the S5 lipase. It is well-known that the eVect of organic solvents on enzyme activity diVers from lipase to lipase [18] . There was no clear correlation between the solubility of an organic solvent in water and stability of lipase in its presence [10] .
The stability and activation eVects of the organic solvent-tolerant S5 lipase in aqueous-organic mixtures suggested the ability of this enzyme to resist denaturation by organic solvents and to form multiple hydrogen bonds with water for structural Xexibility and conformational mobility for optimal catalysis [20] . Therefore, the S5 lipase is naturally stable in organic solvent and holds the potential for use in organic synthesis and related applications [21] .
EVect of pH on activity and stability of the S5 lipase
The optimal pH for lipase activity was 9.0 (Fig. 2) . The activity was reduced drastically at pH below 6.0 and lost 80% of the maximal activity at pH 10.0. Similarly, Gilbert et al. [15] reported that EF2 lipase had maximal activity at pH 8.5-9.0. Other Pseudomonas lipases, such as LST-03 [10] and F-111 [13] , have their maximal activities at pH values ranging from 6.0 to 10.0. On the other hand, lipases from P. cepacia and Pseudomonas sp. KWI-56 showed optimal pH values at 5.5-6.5 and 5.5-7.0, respectively [14, 18] . In a pH stability test, the S5 lipase showed good stability after 30 min at pH 7.0-9.0; however, the activity was reduced drastically at pH 10.0-12.0 (Fig. 3) . The enzyme retained 86 and 64% activity in pH 8.0 and 7.0, respectively, and the enzyme lost 80% activity in pH 6.0. The enzyme was also inhibited by acidic pH. In comparison, Jinwal et al. [16] reported that Pseudomonas lipase PK-12CS was very stable at a broad pH range (5.6-9.0) for 14 h at 37°C. AG-8 lipase still retained 90-100% activity at pH 7.0-10.0 for 24 h at 25°C [12] . LST-03 lipase was very stable at a pH range of 5.0-8.0 for 10 min at 30°C [10] .
EVect of temperature on activity and thermostability of S5 lipase
The lipase from Pseudomonas sp. S5 was considered to be thermostable, as indicated by the optimal temperature of the activity of pure lipase, that is, 45°C (Fig. 4) . The enzyme retained 86 and 52% of its maximum activity at 37 and 50°C, respectively. Similarly, Sharma et al. [12] reported that their Pseudomonas sp. AG-8 lipase had optimal activity at 45°C. Organic solvent-stable LST-03 lipase had maximal activity at 37°C [10] . On the other hand, Lin et al. [13] reported that P. pseudoalcaligenes F-111 lipase had an optimal temperature of 40°C. The thermal stability proWle of the lipase is shown in Fig. 5 . The enzyme was stable below 45°C for 30 min. It retained approximately 80% of its initial activity at 50°C for 30 min. The half-lives of the enzyme at 45 and 50°C were 2 and 1 h, respectively. The enzyme lost all of the original activity at 55°C after 2 h incubation. In contrast, organic solvent-stable LST-03 lipase [10] showed a lower stability (below 40°C for 10 min) than did S5 lipase.
Substrate speciWcity
To assess substrate speciWcity, activity was assayed under standard conditions. The lipase activity of Pseudomonas sp. S5 against various triacylglycerols and natural oils was investigated. The activities of the enzyme Fig. 2 . EVect of pH on lipase activity. Various buVer systems (pH 4.0-12.0) at 25 mM were added to olive oil as a substrate to perform olive oil emulsion. Then the enzyme was assayed at diVerent pH values at 37°C for 30 min with shaking at 200 rpm. Note. The buVer systems used were as follows: 25 mM glycine-HCl (᭜), sodium hydrogen phosphate-NaOH (᭡), Tris-HCl (᭺), disodium hydrogen orthophosphate-NaOH (), and glycine-NaOH (᭛). Fig. 3 . EVect of pH on lipase stability. PuriWed enzyme solution (200 l) was mixed with 800 l of 25 mM buVer at speciWc pH. The mixture was incubated at 37°C for 30 min, and the residual activity was determined. Note. The buVer systems used were as follows: 25 mM glycine-HCl (᭜), sodium hydrogen phosphate-NaOH (᭡), Tris-HCl (᭺), disodium hydrogen orthophosphate-NaOH (), and glycine-NaOH (᭛). Fig. 4 . Temperature proWle of puriWed S5 lipase, The eVect of temperature on lipase activity was studied by carrying out the enzyme reaction at diVerent temperatures in the range of 30-55°C at pH 9.0 using Tris-HCl buVer (25 mM). The reaction was carried out for 0 and 30 min. against substrate are shown relative to the olive oil in Table 3 . S5 lipase was found to have the highest activity against palm oil, followed by coconut oil (125%). According to Ogino et al. [10] , enzyme had the highest activity against coconut oil because the principal fatty acid component was lauric acid (12:0), which was more hydrolyzable by the lipase than was oleic acid (18:1), the principal fatty acid component of olive oil. Similarly, the puriWed lipases eYciently hydrolyzed various oils and fats such as palm oil, soybean oil, and coconut oil [14, 16] .
In the oleochemical industry, enzymatic hydrolysis of oils and fats is an energy-saving process compared with conventional high-temperature and high-pressure processes, and unsaturated fatty acids can be produced without oxidation [14] . Therefore, S5 lipase with the above properties presents a suitable candidate for this purpose. S5 lipase was found to have the highest activity against triolein, which possessed longer carbon chain lengths. This result proved, in principle, that the lipase is preferred to hydrolyze longer carbon chains of the substrates. In contrast, Ogino et al. [10] reported that LST-03 lipase had the highest hydrolytic activity against tricaproin (C6).
EVect of metal ions and oxidizing, reducing, and chelating agents
According to Voet et al. [22] , nearly one-third of all known enzymes require the presence of metal ions for catalytic activity. This group of enzymes includes the metal enzymes, which contain tightly bound metal ion cofactors, most commonly transition metal ions such as Fe 2+ , Fe 3+ , Cu 2+ , Mn 2+ , and Zn 2+ . Metal-activated enzymes, in contrast, loosely bind metal ion from solution, usually the alkali and alkaline earth metal ions Na + , K + Mg 2+ , and Ca 2+ .
The eVect of metal ions and oxidizing, reducing, and chelating agents was tested at 1 mM in 25 mM Tris-HCl buVer at pH 9.0 ( Table 4 ). Lipase was completely inhibited by Fe 3+ , Ba 2+ , K + , Zn 2+ , and Cu 2+ , known as transition metal ions, after 30 min incubation. Alkaline earth metal ions, Mg 2+ and Ca 2+ , were found to stimulate the lipase activity at 15 min incubation. However, prolonged incubation (30 min) led to decreases in enzyme activity of 52 and 95% for Mg 2+ and Ca 2+ , respectively. This suggested that S5 lipase is a metal-activated enzyme. In this group of enzymes, the ions often play a structural role rather than a catalytic one. The ions bind to the enzyme and change the conformation of the protein to counter greater stability to the enzyme. But transition metal ions change the conWrmation of the protein to less stable due to ion toxicity. Similar results were reported by Sharma et al. [12] with their lipase from Pseudomonas sp. AG-8. They described that Ca 2+ ions activated the enzyme, whereas Fe 3+ and Zn 2+ strongly inhibited its activity. A possible explanation of this phenomenon is that Ca 2+ has a special enzyme-activating eVect that it exerts by concentrating at the fat-water interface. Therefore, calcium ions may carry out three distinct roles in lipase action: removal of fatty acids as insoluble Ca 2+ salts in certain cases, direct enzyme activation resulting from concentration at the fat-water interface, and stabilizing eVect on the enzyme. Fe 3+ and Zn 2+ , and especially Cu 2+ , were highly toxic to lipase even at diluted solution [23] .
The activity of the lipase from Pseudomonas sp. S5 decreased with both oxidizing and reducing agents. Among the reducing agents, the enzyme retained 48% activity after 30 min exposure with ammonium persulfate, whereas it retained 12% of the maximal activity after 30 min exposure with potassium iodide. When the reducing agent 2-mercaptoethanol was added at a concentration of 1 mM, enzyme activity dropped by 25 and 15% after 15 and 30 min, respectively.
The enzyme activity was not aVected by 1 mM EDTA, indicating that the lipase from Pseudomonas sp. S5 was not a metalloenzyme. Lin et al. [13] also showed that activity of lipase produced from P. pseudoalcaligenes F-111 was not aVected by 1 mM EDTA.
Positional speciWcity against triacylglycerols
According to Farias et al. [24] , lipase can be classiWed in terms of speciWcity toward the position of the acyl group of triglycerides into two groups: 1,3-speciWc and nonspeciWc or random. The results of the thin-layer chromatography analysis of the hydrolysis products of triolein are shown in Fig. 6 . The enzyme cleaved not only the 1,3-positioned ester bonds but also the 2-positioned ester bond of triolein. Thus, S5 lipase could hydrolyze the ester bonds of triolein nonspeciWcally. Similarly, LST-03 organic solvent-tolerant lipase also hydrolyzed ester bonds nonspeciWcally [10] . Similar Wndings were reported by Sigiura et al. [25] with their Pseudomonas Xuorescens lipase that cleaved ester bond nonspeciWcally. Lipozyme and Novozyme were included in this experiment as a control because the 1,3-positional speciWcity and nonspeciWc position, respectively, have already been veriWed.
According to Gao et al. [26] , Pseudomonas sp. strain 2106 lipase shows 1,3-positional speciWcity. Sugihara et al. [18] reported that P. cepacia lipase cleaved all of the ester bonds of triolein, with some preference for the 1,3ester bonds. The same Wndings were reported by Mencher and Alford [27] with their Pseudomonas fragi lipase that hydrolyzed 1,3-ester bonds.
